Summary. A total of 3 1 cultures representing 22 different strains of Streptobacillus rnoniliformis has been characterised by unidimensional SDS-PAGE of cell proteins. The isolates were from sporadic and outbreak cases of human infection in the USA, UK and France, as well as mouse, turkey and rat isolates from various countries. The protein patterns, which contained 40-50 discrete bands, were highly reproducible and were used as the basis for a numerical analysis. Three clusters were obtained at the 86% similarity (S) level and these were further divided to give a total of seven clusters at the 90% S level. S. moniliformis strains, irrespective of the original host or geographical location of isolation, had a characteristic protein profile that enabled them to be easily distinguished from allied unclassifiable organisms. The analysis showed that Haverhill fever strains can be clearly distinguished from rat-bite fever strains. Protein-band differences amongst the latter strains corresponded with different geographical locations. We conclude that high resolution PAGE combined with computerised analysis of protein profiles provides the basis for typing clinical isolates of S . rnoniliformis. Seven PAGE types were identified and reference strains for each have been designated as a basis for future studies.
Introduction
Streptobacillus rnoniliformis is a gram-negative bacterium with a distinctive pleomorphic cell morphology; it is a commensal of the throat and nasopharynx of rats and other rodents (Savage, 1984) . The micro-organism is established worldwide as a cause of infections in man either from rat bites (a form of rat-bite fever) or from ingestion of raw milk contaminated with rat urine (Haverhill fever). These diseases and their resultant complications, which include endocarditis, septicaemia and brain abscesses, are well documented (Dellamonica et al., 1979; Rogosa, 1985) .
Reports in the UK of human infections with S . moniliforrnis are relatively rare but in 1983 there was an outbreak of Haverhill fever affecting more than 130 pupils at a school in Chelmsford (Shanson et al., 1983) where the organism was isolated from the blood of just four patients. The organism also causes an arthritic disease in turkeys and is highly pathogenic for mice and various small laboratory animals (Hopkinson and Lloyd, 1981 ; Savage, 1984) .
S . moniliformis is generally not a problem to Received 13 Mar. 1986; accepted 20 Jun. 1986. identify in the hospital laboratory. Isolates can be differentiated from allied genera such as Cardiobacterium, Actinobacillus and Haemophilus on the basis of serum requirement, flocculent growth in broth, formation of small butyrous colonies on agar media, microscopic appearance and negative results in catalase, oxidase, nitrate and indole tests (Savage, 1984) . However, it is difficult to compare S . moniliformis strains from outbreaks and sporadic infections in man because there are no established schemes of serotyping, phage-typing or biotyping to assist epidemiological investigations. The aim of the present study was to investigate the use of polyacrylamide gel electrophoretic (PAGE) protein profiles as a possible method of typing isolates of S . moniliformis. High resolution electrophoresis combined with computerised analysis of protein profiles have been used in microbial classification (Jackman, 198 1, 1985 ; Kersters, 1985; Costas et al., 1987) and to a more limited extent in grouping clinical isolates of Acinetobacter (Alexander et al., 1984) and Bacteroides (Taylor et al., 1986) for which no other typing schemes exist. This paper describes the PAGE protein profiles of S . moniliformis isolates from sporadic and outbreak cases of infections in man in the UK, USA, and France, and compares them with isolates from infected turkeys and mice. The value of such data as a basis for the rapid typing of clinical isolates is discussed.
Materials and methods

Bacteria
The 31 bacterial cultures used and their sources are listed in table I. These comprised 22 different isolates, from man (13 strains), mice (5 strains), turkeys (3 strains) Table I . Streptobacillus moniliformis cultures examined and a rat (1 strain), all with S . rnoniliformis infections. The remaining cultures were either duplicates obtained from different sources or repeated isolations of the same strain. All strains were grown on 20% v/v Columbia serum agar at 37°C in COz 10% for 48 h.
Preparation of protein samples
Approximately 0.05-0.1 g wet weight of the bacteria was harvested in distilled water and collected by centrifugation at 13 000 rpm (1 1 600g) 
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and finally resuspended in c. 60 p1 of double strength lysis buffer (glycerol 20% v/v, 2-mercaptoethanol 10% v/v, sodium dodecyl sulphate 4% w/v, SDS, and stacking gel buffer 70% v/v; see details below). The thoroughly mixed bacterial sample in lysis buffer was incubated in a ReactiTherm heating module (Pierce UK Ltd, Cambridge) at 100°C for 5 min. An equal quantity of sterile distilled water was added, the tube was agitated, and the mixture was heated at 100°C for a further 5 min. The sample was then centrifuged (1 1 600s) for 10 min to remove particulate matter and cell debris. The supernate containing water soluble proteins was stored at -20°C.
Electrophoresis
Discontinuous gels (16 x 18 x 0.15 cm) were cast to allow for 10 mm of stacking gel. The separation gel was prepared to give a final polyacrylamide content of 10% from a stock solution containing acrylamide 29.2% w/v and NN'-methylene-bisacrylamide 0.8% w/v (30% T. 2.7% CBis). The final concentration of other components in the gel were 0.375 M Tris-HC1 (pH 8.8; prepared by adding 87.5 ml of 5N HC1 and made up to 1 L with the Tris buffer solution) and SDS 0.1% w/v. Polymerisation was achieved by adding ammonium persulphate 0.05% w/v (10% solution) and TEMED 0.05% v/v. The separation gel components excluding SDS were de-aerated for 3 min before polymerisation which took about 15 min at 20°C. The stacking gel was prepared from the same stock solution used for the separation gel to give a polyacrylamide content of 5%. The remaining stacking gel components, including the stacking gel buffer, were added to give a final concentration of 0.125 M Tris-HCL (pH 6.8; prepared by adding 95 ml of 5N HC1 and made up to 1 L with the Tris buffer solution) and SDS 0.1% w/v. Polymerisation was achieved by adding ammonium persulphate 0.05% w/v (1 0% solution) and TEMED 0.1%. The stacking gel solution excluding SDS was de-aerated for 3 min and polymerisation was evident after 6-8 min. The well-forming comb was removed from the stacking gel after 1 h and the sample wells washed twice with tank buffer (0.25 M Tris, p H 8.3, 0.192 M glycine, SDS 0.1% w/v). The wells were then loaded with c. lop1 of the protein sample to which bromophenol blue 0.001% (w/v final concentration) had been added as a marker dye.
Electrophoresis was performed for about 4 h in a Protean double slab vertical electrophoresis cell (Bio Rad Laboratories, Richmond, CA, USA) at a constant current of 30 mA/gel until the marker dye had migrated 100 mm along the length of the separation gel. A constant temperature of 10°C was maintained throughout with a refrigerated recirculator (Coolflow CFT-33, Neslab Instruments Inc., Portsmouth, USA). After electrophoresis, the gels were stained for 16 h in a staining solution containing Page Blue 83 0.1% w/v in methanol 25% and acetic acid 10% in water (v/v/v) . Gels were destained with the same solution but without the stain until the background was clear, and were finally dried between dialysis membrane sheets (LKB 2003 slab gel dryer; LKB Instruments, Surrey).
All chemicals used were the highest possible quality (BDH Chemicals Ltd, Poole) and BDH mo1.-wt markers (12 300-78 000; product number 44264 2L) were included in all runs for calibration purposes.
Scanning of gels
The stained protein patterns in the dried gels were scanned (LKB Ultroscan 2202 laser densitometer) at a scan speed of 20 cm/min and an absorbance range 0-1. The absorbance (Y) values were recorded on magnetic disk (Apple Duodisk) as integers between 0 and 1000 by use of an interface program SCAN (Heyden Datasystems Ltd, Hendon, London), and an Apple IIe microcomputer.
The number of data points along the length of the gel (X) axis varied from 745 to 760 depending on the density of the protein bands on the original trace. The retention times and total areas of each protein band were calculated with an LKB 2220 recording integrator.
Computation
The raw data were carefully aligned and the initial (stacking gel-separation gel interface) and final (bromophenol blue marker) bands were deleted by use of Vidichart (Heyden Data Systems Ltd). The number of data points in each trace was reduced to a standard 400-point trace by an interpolation program (T PROCESS). A general background trend in each trace was removed to increase discrimination between patterns. The background cut-off was set at 1.0. Mathematical treatment of the background trend is dealt with in greater detail by Jackman (1982) . The similarity between all possible pairs of traces was expressed by the Pearson product moment correlation coefficient (r). Strains were then clustered by the method of unweighted pair group average linkage (UPGMA). Interpolation, background trend removal, calculation of similarity and clustering were all performed on an Apple IIe microcomputer with programs (T PROCESS, T MATRIX, T CLUSTER) originally written in PET Basic but adapted to run in Applesoft Basic. Full details of the programs are given by Jackman (1 982).
Results
General features of patterns
Discontinuous SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of whole cell proteins of S. moniliformis produced patterns containing 40-50 discrete bands (fig. 1) . The majority of these protein bands had mol. wts of (18-100) x lo3. In all cases the S . moniliformis strains shared the same distinctive distribution of bands in the PAGE profile. The four major protein bands present in all strains were in the (60-67)x lo3 mo1.-wt region, and they accounted for 20-30% of the total protein content. Variability within the S . moniliformis PAGE profiles was observed in two regions : (a) the high mo1.-wt region (> 67 x lo3), which was characterised by the presence and absence of particular bands as well as by the varying intensity of bands with the same mol. wt; and (b) the region withmo1.-wt range (42-44) x lo3. Other small differences between strains were due almost exclusively to intensity variations in the homologous bands, which were principally in the (60-80) x lo3 mo1.-wt region. In the lower mo1.-wt region (<40 x lo3), strains had almost identical patterns except for some minor differences, which are discussed opposite.
Reproducibility
The protein patterns of S . moniliformis strains were highly reproducible. Duplicate protein samples from the same bacterial culture run on different gels gave r values of 290%. Duplicate samples of the protein mo1.-wt markers run on different gels, gave r values which averaged 97.5%. As a further check on reproducibility, three separate cultures of strain NCTC 10651 (the type strain) were compared. They comprised two different freeze-dried batches of strain NCTC 10651 and a culture of the same strain from a different culture collection (see table I ). All three cultures clustered at the 94% similarity (S) level. Other duplicate cultures, which were included in the analysis (see results below), UPGMA clustering consistently revealed three confirmed the high degree of resolution and distinct clusters of strains at an r value of 86% ( fig. reproducibility of the method.
2). These phenons were each relatively homogeneous in their overall patterns but could be subdivided to give a total of seven clusters at the 90% S Numerical analysis of patterns level ; the& average between-and within-group similarities are listed in table 11. The features of the A numerical analysis, based on the Pearson various phenons and sub-phenons are described product moment correlation coefficient and below, and the details of the sources and geograph- Sub-phenon l a contained four cultures, all of which were isolates associated with the Chelmsford outbreak of Haverhill fever (Shanson et al., 1983) . The average within-group similarity was 93.2 f 2.3%. Two of the cultures (A75/83 and A76/83) were repeat isolates from blood specimens of the same patient. The other two strains were isolated from different patients.
Sub-phenon l b contained 12 cultures. It was the largest single cluster and the most heterogenous with respect to strain origin (see table 111); even so, the cultures were all highly interrelated (93.9 f 2.5%). Two cultures (A1 13/84 and A1 14/84) originated from one mouse and were probably the same strain. Likewise, three other cultures (A73/84, A74/ 84 and A85/84) were isolated from one mouse (two after re-passage). The human isolates in this group were from cases of rat-bite fever in France.
Sub-phenon l c contained four cultures, of which three were different freeze-dried preparations of the type strain (NCTC 10651) of S. moniliformis. The average within-group similarity was 92.8 2-1 %. The two strains represented originated from human cases of rat-bite fever in France and the USA (type strain).
Sub-phenon Id contained four cultures of which two (NCTC 11194 and A112/84) were the same strain but from different culture collections. The strains were human isolates from cases of rat-bite fever in the UK. The average within-group similarity was 91.7 & 2.7%.
Phenon 2. This phenon contained 5 cultures and the within-group average similarity was 89.4 f 5.9%. The three cultures comprising sub-phenon 2a originated from the USA and two of these cultures (A 1 1 1 /8 1 and A 12 1 /84) were duplicates of the same strain (ATCC 25373) obtained by us from different collections. Sub-phenon 2b contained a human ratbite fever strain and an infected mouse strain both of which were isolated in the UK.
Phenon 3. This phenon contained two Australian cultures, which were the same strain but isolated on separate occasions from an infected mouse. The phenon was quite distinct from phenons 1 and 2 and was linked to them at a significantly lower level (79%).
Discussion
Although S . moniliformis is a not uncommon cause of miscellaneous infections in man, outbreaks attributable to the organism are fairly rare. However, when an outbreak occurs and contaminated milk is implicated as in the Haverhill (Place and Sutton, 1934) and Chelmsford (Shanson et al., 1983) incidents, it is clearly desirable for reasons of public health to have some method of typing strains. At present there are no schemes for serotyping, phagetyping or biotyping isolates of s. moniliformis, so we have investigated the possibilities of using unidimensional protein fingerprinting. Its potential has been demonstrated previously by Alexander et al. (1984) who applied the technique in a study of Acinetobacter strains isolated during outbreaks of infection in hospital. Their numerical analysis of data on protein patterns yielded results that had some epidemiological relevance ; e.g., they observed that the majority of strains from healthy children appeared in one cluster.
The strains used in this study comprised cultures obtained from various collections in different parts of the world and field isolates submitted during the past 10 years to the NCTC for identification. The selection of strains available for study was rather restricted because infections with S . moniliformis are fairly rare and the organism is difficult to isolate from patients with either streptobacillary fever or infected lesions. For instance, in the Chelmsford outbreak of Haverhill fever, strains were cultured from the blood of just four of the 130 patients with fever symptoms. With the exception of the Chelmsford strains, all the human isolates included here were, as far as can be established, from sporadic cases of rat-bite fever in man. No human strains from lesions or other clinical sources were available for investigation. We have excluded a total of 12 strains that were " S . moniliformis-like" (SML) organisms in their conventional bacteriological characteristics. In a preliminary investigation of protein patterns they were found to be quite heterogeneous and unlike typical members of the species. These strains included two cultures of "Streptobacillus actinoides" isolated from the pneumonic lungs of calves (Gourlay et al., 1982) . The taxonomic position of this organism is uncertain at present.
Our results obtained with duplicate cultures of the same strain demonstrated that PAGE-pattern fingerprinting by high resolution unidimensional electrophoresis combined with computerised analysis of protein profiles is a sensitive and highly reproducible technique, provided that rigorously controlled electrophoretic methods are used. All duplicates had computed similarities of 2 90%, which was a value that agreed well with the levels of within-and between-gel reproducibility obtained previously in a study of different species of Campylobacter (Costas et al., 1987) .
The strains of S. moniliformis examined here were very similar to each other irrespective of the original host or geographical location of isolation. The fact that strains with similar patterns came from such diverse locations suggests that S. moniliformis is a very homogeneous species, although studies on a greater variety of strains from clinical sources are clearly desirable. It is also evident that SDS-PAGE is useful for confirming the identity of presumptive S . moniliformis isolates and for separating them from SML-organisms. Another approach was adopted by Rowbotham (1983) who investigated their cell fatty-acid profiles obtained by gas-liquid chromatography. He concluded from the results obtained on strains from the Chelmsford outbreak and various reference strains obtained from the NCTC(NCTC 10651, NCTC 10773, NCTC 11 194, A 1 1 1 /8 1 and A 1 12/8 1) that fatty-acid profiles used in conjunction with flocculent growth in serum broth and microscopy of a gram-stained smear permitted rapid identification of the outbreak isolates of S. moniliformis.
Some variations between strains of S . moniliformis were detectable in our PAGE protein profiles, notably in the (42-4O)x lo3 and 67x lo3 mo1.-wt regions. It was, therefore, possible to identify seven groups of strains on the basis of the numerical analysis of the protein profiles. These groups, although linked at high similarity levels, proved to be very robust when the computations were repeated with different levels of trace alignment and background subtraction. Sub-phenon 1 b contained the largest number of cultures (12 out of 31) but was the most heterogeneous with respect to the source and geographical origin of strains. No distinction could be made between the human ratbite strains from France, arld the mouse, turkey and rat strains from various other countries which also fell in that cluster.
One of the most interesting features of the numerical analysis was that the Chelmsford outbreak strains associated with Haverhill fever clustered together in sub-phenon l a and were clearly separated from the rat-bite fever strains which clustered in other sub-phenons. Furthermore, amongst the rat-bite strains, protein variations corresponded closely with different geographical origins; i.e., UK (sub-phenons Id and 2b), USA (sub-phenons lc and Id) and France (subphenon lb). In the case of the strains from the UK and the USA differences could also be detected within each geographical group.
It is evident from these results that high resolution PAGE electrophoresis combined with numerical analysis provides the basis for a scheme for typing S . moniliforrnis isolates. In table IV, a PAGE protein type (I-VII) is attributed to each subphenon and a suggested reference strain for each is listed. Although several of the PAGE types can be readily identified by direct visual comparison of gel patterns, e.g., some profiles are characterised by the presence or absence of certain protein bands, the reliable identification of protein type requires numerical analysis of the PAGE profiles.
The general taxonomic position of S . moniliformis is uncertain and the genus is apparently not allied to any particular family although it has more characteristics in common with some members of the Mycoplasmatales than other bacteria (Savage, 1984) . However, the protein patterns of members of that family are quite different from those of S . moniliformis (Mew et al., 1985) . Our results with strain NCTC 10651 indicate that it is a good choice, at least on the criterion of its protein pattern, as the type strain of S . moniliformis. In the numerical analysis it clustered in sub-phenon lc (PAGE type HI), which is centrally placed in the spread of variation within the species. Phenon 3 contained the least typical members of the species (cultures A40/84 and A41/84 were two representatives of the same strain). These cultures had several quite distinct protein band differences from other strains with mol. wts (lo3) of 80,44, 42, and 24, and there is evidence that they are serologically different from other members of S . moniliformis (E. Falsen, personal communication). Further evidence supporting the heterogeneity within the species shown by protein profiles is apparent from the investiga-tion of Rowbotham (1983) , who reported that strains ATCC 25373 and ATCC 27747 (members of sub-phenon 2a) differed in their microscopic cell morphology because they rarely exhibited the swollen forms found in other strains of S . moniliformis which included the type strain and the Chelmsford isolates. We conclude that high resolution scanning of PAGE protein patterns in conjunction with computer analysis is a reliable technique for confirming the identity of S . moniliformis isolates, and that it shows considerable potential as a means of typing clinical isolates. However, the approach needs to be developed and evaluated with more strains, in particular with outbreak isolates.
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